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The symbiotic bacterium Wolbachia is 
an attractive agent for vector-borne path- 
ogen control. It has long been studied for 
its ability to manipulate host reproduction 
and spread into arthropod populations [1]. 
These properties, coupled with the recent- 
ly identified ability to inhibit diverse 
pathogens [2-6], open avenues for its use 
in controlling vector-borne disease. Nu- 
merous Wolbachia-hiLsed control strategies 
are being investigated (reviewed in [7-9]), 
with some studies having progressed to 
field trials [10,11]. However, a worrying 
trend is emerging whereby Wolbachia 
infections have been demonstrated to 
enhance rather than suppress pathogens 
in some systems [12-18]. Plasmodium 
parasites, which are the causal agent of 
malaria, seem particularly prone to Wol- 
^(Zc/iM-mediated pathogen enhancement 
[13-16]. 

Wolbachia-h^Lsed strategies have been 
proposed to control malaria [19]. Anoph- 
eles mosquitoes (the vectors of human 
malaria parasites) are not naturally infect- 
ed by Wolbachia [20,21], but artificial 
transfer of this bacterium between species 
can be accomplished in the laboratory 
(reviewed in [22]). Pathogen interference 
phenotypes appear to be most prominent 
when Wolbachia is transferred into a novel 
host [16,23]. Given thax Anopheles are for 
the most part naturally uninfected by 
Wolbachia (but see [24]), they can be 
considered an open niche for infection and 
a prime mosquito genus for Wolbachia- 
based control strategies. However, the 
main impediment for developing a control 
strategy is the difficulty in creating a stable 
artificial infection in Anopheles [19]. While 
examining Plasmodium interference in a 
stably infected host is the gold standard, a 
more convenient system is to transiently 
infect mosquitoes by intrathoracic micro- 
injection. Using this system, the infection 
persists during the lifetime of the transin- 
fected individual but is not transmitted to 
its olfspring. Transient infection allows the 
rapid assessment of Wolbachia-hosX inter- 
actions without the need for generating 
stable artificial infections [5]. It is uncer- 
tain how representative transient infec- 



tions are of stable inherited associations; 
however, similarities in tissues tropism and 
fitness costs incurred upon the host 
between stable and transiently infected 
Anopheles mosquitoes are evident 
[5,14,25]. Furthermore, both types of 
infection have been shown to inhibit the 
human malaria parasite Plasmodium fal- 
ciparum [5,25]. However, studies using 
transient infection models have found that 
Wolbachia can enhance certain Plasmodi- 
um species [13,14]. 

The Plasmodium interference pheno- 
type is therefore not universal, but context 
dependent. While P. falciparum is sup- 
pressed by the wAlbB strain of Wolbachia 
from Aedes albopictus [5,25], transient 
infections have shown the opposite effect 
on rodent malaria parasites. Anopheles 
gambiae transiently infected with wAlbB 
exhibited enhanced P. herghei develop- 
ment at the oocyst stage [14]. Similarly, 
wAlbB increased the number of P. yoelii 
oocysts in An. stephensi, although the 
phenotype was modulated by temperature 
[13]. At a temperature optimal for parasite 
development, Wolbachia increased para- 
site intensity compared to uninfected 
controls, but at warmer temperatures, 
Wolbachia inhibited Plasmodium develop- 
ment [13]. 

While P. falciparum is a major parasite 
in sub-Saharan Africa, four other parasites 
also cause human malaria worldwide: P. 
malariae, P. ovale, P. knowlesi, and P. 
vivax (the etiological agent of the most 
prevalent form of relapsing malaria). To 
our knowledge, the effect of Wolbachia on 
these other human Plasmodium parasites 



is unknown. The question is relevant for 
two reasons. First, the precedent that a 
particular Wolbachia strain can inhibit one 
parasite yet enhance another has already 
been documented [5,14], indicating that 
effects on parasites can be species-specific. 
Troublingly, P. malariae, P. ovale, P. 
knowlesi, and P. vivax are phylogenetical- 
ly more closely related to rodent malaria 
parasites, which are enhanced by Wolba- 
chia infections [13,14], than they are to P. 
falciparum (Figure 1) [26,27]. Second, 
many human Plasmodium parasites occur 
in sympatry and are transmitted by the 
same vectors. A case in point is P. 
falciparum and P. vivax, both of which 
occur in sympatry over large stretches of 
the Asian continent where they are both 
transmitted by ^n. stephensi [28,29]. Any 
potential control strategy devised in re- 
gions where more than one parasite 
species occurs needs to thoroughly inves- 
tigate the effect of Wolbachia on all 
parasite species transmitted by the vector, 
as well as other pathogens such as filarial 
worms or arboviruses (both as single 
infections and in the context of coinfec- 
tions) to ensure that Wolbachia-iniected 
mosquitoes do not inadvertently enhance 
transmission of secondary pathogens. 

While difficult, forecasting the long- 
term evolutionary response in this tripar- 
tite relationship between Wolbachia, Plas- 
modium, and Anopheles is very important. 
Natural Wolbachia-mosquito associations 
in which the symbiont and the host have 
tighdy coevolved exist and may provide 
powerful models for studying the long- 
term evolutionary effects of Wolbachia 
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Figure 1. Representative phylogenetic dendrogram of Plasmodium parasites, their vertebrate hosts, and the influence of Wolbachia 
infection on parasite development within the mosquito vector. The protective effect of Wolbacliia is variable and dependent on tine 
Wolbactiia strain and the insect host background, suggesting that complex tripartite interactions influence the effect on Plasmodium. The type of 
association between Wolbachia with the vector may also influence Plasmodium. Only one human malaria parasite {P. falciparum) has been assessed, 
while the effect of Wolbachia infection on the other four human parasites is unknown. Arrows indicate suppression (green), enhancement (red), or no 
effect (grey) of Plasmodium. The type of association within the host is depicted by symbols (target: natural infection, square: stable artificial infection, 
diamond: transient artificial infection). Numbers indicate: (1) the phenotype is temperature sensitive, (2) Wolbachia infection also increases insect life 
span [31], which has implications for pathogen transmission. Phylogeny was reconstructed based on work from Carlton et al. [26] and Martinsen et al. 
[27]. 
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infections. Tlie evidence currently avail- 
able suggests that natural Wolbachia 
infections can also enhance malaria para- 
site development within the mosquito. 
Aedes fluviatilis naturally infected with 
the wFlu Wolbachia strain had a signifi- 
cantly higher number of P. gallinaceum 
oocysts compared to an Ae. fluviatilis line 
which had been cleared of the Wolbachia 
infection [15]. Ae. fluviatilis is not, 



however, a natural vector of P. gallina- 
ceum, and it is well known that the 
outcome of experiments using such labo- 
ratory models can differ significantly from 
those of natural mosqmto-Plasmodium 
combinations (e.g., Boete [30]). Recent 
studies carried out in Culex pipiens 
mosquitoes, which are naturally infected 
with the wPip Wolbachia strain and 
transmit the avian malaria parasite P. 



relictum, have also demonstrated Plasmo- 
dium enhancement. In this natural system, 
Wolbachia protects the mosquito host 
against the detrimental fitness effects 
incurred by Plasmodium infection [31] 
and increases the susceptibility of C. 
pipiens to P. relictum, with wPip-infected 
mosquitoes having a higher prevalence of 
Plasmodium sporozoites in the salivary 
glands [16]. These studies show that the 
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Plasmodium-'mhihiting properties of Wol- 
bachia are far from universal; certain 
mosquito-Wolbachia-Plasmodium combi- 
nations and experimental conditions trans- 
form Wolbachia-inkctcd mosquitoes into 
better vectors of malaria parasites. This is 
worrisome for the general implementation 
of Wolbachia-based control strategies. 

Given that Wolbachia-ha.sed control 
strategies will use stable transinfected 
mosquitoes, the key question is whether 
stable and natural infections wiU behave in 
the same way. The stable transfer of 
Wolbachia into the host likely alters many 
aspects of host homeostasis, as evidenced 
by the novel phenotypes induced by 
infection [32-34], and as such, these 
associations likely differ from natural 
associations where Wolbachia and its host 
have coevolved. Another question is 
whether stable artificial infections will 
evolve over time. Theory and empirical 
studies show that these maternally trans- 
mitted bacteria will tend to evolve towards 
mutualistic associations with their host 
[35-38]. However, the evolutionary out- 
comes of pathogen interference or en- 
hancement are harder to predict. A more 
complete mechanistic understanding of 
how Wolbachia infection modulates Plas- 
modium parasites is critical to address 
these important evolutionary questions 
and to evaluate if they are likely to occur 
in timescales relevant for disease control. 

To date, two stable artificial Wolbachia 
transinfections have been assessed for their 

References 

1. Wcrrcn JH, Baldo L, Clark ME (2008) Wolba- 
chia: master manipulators of mvcrtebrate biology. 
Nat Rev Microbiol 6: 741-751. 

2. Hedges LM, Brownlie JC, O'Neill SL, Johnson 
KN (2008) Wolbachia and virus protection in 
insects. Science 322: 702. 

3. Kambris Z, Cook PE, Phuc HK, Sinkins SP 
(2009) Immune activation by life-shortening 
Wolbachia and reduced filarial competence in 
mosquitoes. Science 326: 134—136. 

4. Morcira LL.\, Iturbe-Ormactxc 1, JcllcryJA, Lu 
G, Pykc AAT, ct al. (2009) A Wolbachia symbiont 
in Aedes aegypti limits inli-clion with Dengue, 
Chikungunya, Phsmochum. Cell 139: 1268- 
1278. 

5. Hughes GL, Koga R, Xue P, Fukastu T, Rasgon 
JL (2011) Wolbachia infections are virulent and 
inhibit the human malaria parasite Plasmodium 
falciparum in Anopheles gambiac. PLoS Pathog 7: 

C1002043. 

6. Kambris Z, Blagborough AM, Pinto SB, Blagrove 
MSC, Godfray HCU, rt al. (2010) Wolbachia 
stimulates immune gene expression and inhibits 
Plasmodium development in Anopheles gambim. 
PLoS Pathog 6: el001143. 

7. McGraw EA, O'Neill SL (2013) Beyond insecti- 
cides: new thinking on an ancient problem. Nat 
Rev Microbiol 11: 181-193. 

8. Bourtzis K, Dobson SL, Xi Z, Rasgon 
JL, Calvitti M, et al. (2014) Harnessing 
viio^f]a\Xo-Wolbachia symbiosis for vector 
and disease control. Acta Trop 132S: S150— 
S163. 



effect on Plasmodium. First, an Aedes 
aegypti line infected with wMelPop had 
inhibited P. gallinaceum infection [4]; ^e. 
aegypti is not, however, the natural vector 
of this parasite. Second, and more recent- 
ly, the wAlbB strain was stably transferred 
into^n. stephensi, one of the main vectors 
of human malaria in Asia [25]. This 
groundbreaking work demonstrated that 
stable artificial infections in epidemiolog- 
ically relevant malaria vectors are feasible, 
and that P. falciparum can be inhibited by 
Wolbachia within its natural vector. If the 
severe fitness effects induced by Wolbachia 
in Anopheles can be overcome [25], then 
this approach is highly promising. 

The work by Bian and colleagues [25] 
dramatically enhances the prospect for the 
use of Wolbachia in a malaria control 
strategy, but many questions still remain. 
What are the effects of Wolbachia on the 
other four species of Plasmodium parasites 
that infect humans? How relevant are 
transient infection models? Do some 
strains of Wolbachia enhance pathogens 
in a field context? What are the long-term 
evolutionary consequences of novel Wol- 
hachia-host associations on Plasmodium 
development within the insect host? What 
are the mechanisms behind pathogen 
interference and enhancement of Wolba- 
chia on Plasmodium parasites, and are the 
mechanisms of enhancement seen in 
rodent and avian model systems relevant 
to human malaria parasites? How influen- 
tial are environmental variables on 



9. Iturbe-Ormaetxc I, Walker 'f, O' Ncill SL (201 1) 
Wolbachia and the biological control of mosquito- 
borne disease. EMBO Rep 12: 508-518. 

10. Hoffmann AA, Montgomery BL, Popovici J, 
Iturbe-Ormaetxe I, Johnson PH, et al. (2011) 
Successful establishment of Wolbachia in Aedes 
populations to suppress dengue transmission. 
Nature 476: 454-457. 

11. Walker T, Johnson PH, Moreira LA, Iturbe- 
Ormaetxc I, Frcntiu FD, ct al. (2011) The luMcl 
Wolbachia strain blocks dengue and invades 
caged Aedes aegypti populations. Nature 476: 
450-453. 

12. Graham RI, Grzywacz D, Mushobozi WL, 
Wilson K (2012) Wolbachia in a major African 
crop pest increases susceptibility to viral disease 
rather than protects. Ecol Lett 15: 993-1000. 

13. Murdock CC, Blanford S, Hughes GL, Rasgon 
JL, Thomas MB (2013) Temperature alters 
malaria transmission blocking by Wolbachia. Sci 
Rep 4: 3932. 

14. Hughes GL, Vega-Rodriguez J, Xue P, Rasgon 
JL (2012) Wolbachia strain wAIbB enhances 
infection by the rodent malaria parasite Plasmo- 
dium berghei in Anopheles gambiae mosquitoes. 
Appl Environ Microbiol 78: 1491-1495. 

15. Baton LA, Pacidanio EC, Gongalves DDS, 
Moreira LA (2013) wFlu: characterization and 
evaluation of a native Wolbachia from the 
mosquito Aedes fluviatilis as a potential vector 
control agent. PLoS ONE 8: e59619. 

16. Zele F, Nicot A, Berthomieu A, Weill M, Duron 
O, et al. (2013) Wolbachia increases susceptibility 



pathogen inhibition phenotypes? While 
many of these questions may be difficult 
to answer in the short term, assessing the 
relevance of transient infections would 
seem within the grasp of the scientiflc 
community. Although challenging, under- 
standing the evolutionary consequences of 
novel Wolbachia associations on pathogen 
transmission and identifying the mecha- 
nisms behind Wolbachia modulation of 
Plasmodium is critical for developing 
effective control strategies and assessing 
their long-term feasibility. Insights from 
non-Anophehne systems where Wolbachia 
naturally infects the vector may be useful 
in this regard [16,31,39]. 

In conclusion, Wolhachia-hsLsed con- 
trol of vector-borne pathogens is a 
promising novel strategy that has many 
advantages over other conventional and 
contemporary control methods. The 
development of a stable infection in 
Anopheles means the prospect of Wolba- 
r/iM-based control of malaria can now be 
entertained [25], but many important 
questions need to be resolved before this 
idea can become a reality. While the 
concerns raised here focus on Plasmodi- 
um, these issues are relevant for Wolba- 
chia control of any vector-borne patho- 
gen [18]; we suggest that transinfected 
mosquitoes intended for release into 
nature should be assessed for inhibition 
(or lack thereof) of all relevant pathogens 
circulating in the system. 



to Plasmodium infection in a natural system. Proc 
Biol Sci 281: 20132837. 

17. Hussain M, Lu G, Torres S, Edmonds JH, Kay 
BH, et al. (2013) Effect of Wolbachia on 
replication of West Nile virus in a mosquito cell 
line and adult mosquitoes. J Virol 87: 851-858. 

18. Dodson BL, Hughes GL, Paul O, Matacchiero 
AC, Kramer LD, et al. (2014) Wolbachia 
Enhances West Nile Virus (WNV) Infection in 
the A'losquito Culex tarsalis. PLoS Negl Trop Dis 
8: e2965. 

19. Walker T, Moreira LA (201 1) Can Wolbachia be 
used to control malaria? Mem Inst Oswaldo Cruz 
106 (Suppl. I): 212-217. 

20. Ricci I, Cancrini G, Gabrielli S, D'Amelio S, Favi 
G (2002) Searching for Wolbachia (Rickettsiales: 
Rickettsiaceae) in mosquitoes (Diptera: Culici- 
dae): large polymerase chain reaction survey and 
new identifications. J Med Entomol 39: 562-567. 

21. Rasgon JL, Scott TW (2004) An initial survey for 
Wolbachia (Rickettsiales: Rickettsiaceae) infec- 
tions in selected California mosquitoes (Diptera: 
Culicidae). J Med Entomol 41: 255-257. 

22. Hughes GL, Rasgon JL (2014) Transinfection: a 
method to investigate Wolbachia-host interactions 
and control arthropod-borne disease. Insect Mol 
Biol 23: 141-151. 

23. Bian G, Xu Y, Lu P, Xie Y, Xi Z (2010) The 
endosymbiotic bacterium Wolbachia induces re- 
sistance to Dengue virus in Aedes aegypti. PLoS 
Pathog 6: el000833. 

24. Baldini F, Segata N, Pompon J, Marcenac P, 
Robert Shaw W, et al. (2014) Evidence of natiiral 



PLOS Pathogens | www.plospathogens.org 



3 



September 2014 | Volume 10 | Issue 9 | e1004182 



Wolbachia inlrctions in field populations of 
Anopheks gamhiae. Nat Gommun 6; 3985. 

25. Bian G, Joshi D, Dong Y, Lu P, Zhou G, et al. 
(2013) Wolbachia invades Anopheles stephensi 
populations and induces refractoriness to Plas- 
modium infection. Science 340: 748-751. 

26. Garlton JM, Escalantc AA, Ncafscy D, Volkman 
SK (2008) (?.omparati\'r c\'ohilioiiar\ i^rnomics of 
human malaria para.sitr.s. Trends Parasitol 24: 
545-550. 

27. Martinsen ES, Perkins SL, Schall JJ (2008) A 
three-genome phylogeny of malaria parasites 
(Plasmodium and closely related genera): evolu- 
tion of life-history traits and host switches. Mol 
Phylogenet Evol 47: 261-273. 

28. Korgaonkar NS, Kumar A, Yadav RS, Kabadi 
D, Dash AP (2012) .\Iosrjuito biting activity on 
humans & detection of Flasviodium falciparum 
infection in Anopliflfs stephmsi in Goa, India. 
Indian J Med Res 135: 120-126. 

29. Adak T, Singh OP, Das MK, Wattal S, Nanda N 
(2005) Comparative susceptibility of three impor- 
tant malaria vectors Anopheles stephensi, 



Anopheles Jlmnatilu, and Anopheles sundaieus 
to Plasmodium vivax.] Parasitol 91: 79-82. 

30. Bocte G (2005) Malaria parasites in mosquitoes: 
laboratory models, evolutionary temptation and 
the real world. Trends Parasitol 21; 445^47. 

31. Zele F, Nicot A, Duron O, Rivero A (2012) 
Infection with Wolbachia protects mosquitoes 
against Pktsmodium-mAuc^d mortality in a natu- 
ral system. J Evol Biol 25: 1243-1252. 

32. Glancy DJ, Hoffmann AA (1997) Behavior of 
Wolbachia endosymbionts from Drosophila simu- 
lans in Drosophila serrata, a novel host. Am Nat 
149: 97,')-988. 

33. Suh E, Mercer D, Eu Y, Dobson SL ;2009; 
Pathogenicity of life-shortening Wolbachia in 
Aedes albopictiis after transfer from Drosophila 
melanogaster. Appl Env Microbiol 75: 7783- 
7788. 

34. Bouchon D, Rigaud T, Juchault P (1998) 
Evidence for widespread Wolbachia infection in 
isopod crustaceans: molecular identification and 
host feminization. Proc Biol Sci 265: 1081-1090. 



35. MeGraw EA, Merritt DJ, Droller JN, O'Neill SL 
(2002) Wolbachia density and virulence attenua- 
tion after tran.sfer into a novel host. Proc Nati 
Acad Sci U S A 99: 2918-2923. 

36. Weeks AR, TureUi M, Harcombe WR, Reynolds 
KT, Hoflinann AA (2007) From parasite to 
mutuahst: rapid evolution of Wolbachia in natural 
populations of Drosophila. PLoS Biol 5: El 14. 

37. TureUi M (1994) Evolution of incompatibility- 
inducing microbes and their hosts. Evolution 48; 
1500-1513. 

38. Garrington LB, Hoiimann .AA, Weeks AR (2010) 
Monitoring long-term evolutionarv changes fol- 
lowing Wolbachia inlroduelion into a novel host: 
the Wolbachia popcorn infection in Drosophila 
simulans. Proc Biol Sci. 277: 2059-2068. 

39. Hughes GL, Samuels SK, Shaikh K, RasgonJL, 
Vardo-Zalik AM (2014) Discrimination of the 
Plasmodium mexicanum vectors Lutzomyia stew- 
arti and Lutzomyia vexator by a PGR-RFLP assay 
and Wolbachia infection. J Vector Ecol 39; 224— 
227. 



PLOS Pathogens | www.plospathogens.org 



4 



September 2014 | Volume 10 | Issue 9 | e1004182 



